Telomeres are ribonucleoprotein structures capping the end of every linear chromosome. In all vertebrates, they are composed of TTAGGG repeats coated with specific protecting proteins. Telomeres shorten with each mitotic cell division, but telomerase, a reverse transcriptase, elongate telomeres in very specific cells, such as embryonic and adult stem cells. Although telomere sequence is identical in mice and humans and telomeres serve the same role of protecting chromosomes and genetic information from damage and erosion in both species, abnormalities in telomere maintenance and in telomerase function do not coincide in phenotype in humans and mice. The telomeres of most laboratory mice are 5 to 10 times longer than in humans, but their lifespan is 30 times shorter. Complete absence of telomerase has little expression in phenotype over several generations in mice, whereas heterozygosity for telomerase mutations in humans is sufficient to result in organ regeneration defect and cancer development. Patients with telomerase deficiency and very short telomeres may develop aplastic anemia, pulmonary fibrosis, or cirrhosis, whereas telomerase-null murine models display only modest hematopoietic deficiency and develop emphysema when exposed to cigarette smoke. In summary, telomerase deficiency in both humans and mice accelerate telomere shortening, but its consequences in the different organs and in the organism diverge, mainly due to telomere length differences.
INTRODUCTION
The evolution of chromosomes from circular to linear structures required the cell to develop mechanisms able to differentiate the "natural ends" of chromosomes from broken DNA and to overcome the inevitable DNA shortening during mitotic cell division. 1 Telomeres are complex ribonucleoprotein structures that solve these problems; they are located at the extremities of linear chromosomes, are composed of hundreds to thousand hexameric DNA repeats (TTAGGG in the leading strand and CCCTAA in the lagging strand of vertebrates), and are coated by several specialized proteins (shelterin). Telomeres provide the solution to the two problems raised by linear chromosomes. First, as the DNA polymerase is unable to fully duplicate the 3′ end of the DNA strand during mitotic cell division, the newly synthesized DNA strand is always shorter than the original template, culminating in chromosome shortening during mitosis-the end replication problem. 2 The end replication problem results from DNA polymerase's requirement for a 3′ hydroxyl donor to initiate nucleotide polymerization, usually utilizing an RNA primer. For most DNA replication, after the DNA polymerase moves away from the primers and continues duplicating the DNA strand the RNA primer is released and its binding site is filled by polymerization, catalyzed by the polymerase present in the adjacent Okazaki fragment. However, at the very end of the chromosome, there is no adjacent Okazaki fragment, the empty space left by the RNA primer remains unfilled, and the newly synthesized DNA strand is shorter than the original DNA template at its 5′ end. With repeated mitotic cell divisions, the chromosomes become progressively shorter. Loss of genetic information as a result of erosion is avoided in part by the structure of the termini, telomeres, which are long DNA sequences that do not encode for specific genes. Telomere attrition is the molecular mechanism responsible for the "Hayflick limit". 3 Hayflick had observed that human cells in culture were unable to duplicate indefinitely in the Petri dish and stop dividing after 40 to 60 divisions, when they enter cell replicative senescence; cells remain viable and metabolically active with very short telomeres, but they are incapable of proliferation. When telomeres reach critically short lengths-when cells reach the Hayflick limit-they signal proliferation arrest by activating cellular pathways, mainly activating the p53 tumor suppressor protein. 4, 5 The telomere structure, hexanucletoide repeats with associated bound proteins collectively termed shelterin, also provide stability to the ends of chromosomes, preventing their recognition by the DNA repair machinery as unwanted DNA breaks and precluding end-toend fusion of chromosomes. 6 When telomeres are too short, they cannot adequately protect the ends of chromosomes. When the amount of shelterin proteins is low due to short telomeres, they do not adequately inhibit the DNA repair machinery and unwanted telomere processing may occur. Under these circumstances, at least six repair mechanisms may be recruited to operate on telomeres: ATM (ataxia telangiectasia mutated) and ATR (ataxia telangiectasia and Rad3 related) signaling, classical non-homologous end-joining (NHEJ), alternative-NHEJ, homologous recombination, and resection. 7 End-to-end fusion of the chromosomes, aneuploidy, and non-reciprocal translocations are all markers of chromosome instability.
Telomeres also can be actively repaired. Cells with high proliferative capacity, such as embryonic and adult tissue-specific stem cells, elongate eroded telomeres by the catalytic function of telomerase, a reverse transcriptase that adds hexameric telomeric repeats to the 3′ end of the DNA leading strand. Telomerase holoenzyme is essentially composed of a reverse transcriptase (TERT), an RNA component (TERC) that serves as a template for TERT function, dyskerin (encoded by DKC1), and associated proteins, which help holoenzyme assembly and stability. 8 Telomerase expression is repressed in most mature cells in humans but activated in embryonic and adult stem cells.
That telomeres shorten with cell division is applicable beyond the behavior of an individual cell, as telomere length is the biomarker best associated with organism aging. 9 With aging, telomeres invariably shorten: in human umbilical cord blood, leukocytes' telomere lengths are in average about 10-kb long and shorten approximately 50 to 60 bp/year.
Telomere dynamics has been linked to physiologic stem cell maintenance and to pathophysiology, as in tissue regeneration failure and cancer (Fig. 1) . In this review, we will describe how murine and human telomere biology coincide or diverge and the usefulness of animal models to study telomeropathies. Although the basic biology of telomeres is the same in both species, their characteristics, maintenance, and function are different and abnormalities in telomere homeostasis may result in divergent manifestations in these species.
TELOMERES, AGING, AND LONGEVITY
As telomeres erode with cell division, serving as a "mitotic clock" for the proliferative history of a cell or tissue and resulting in cell senescence and apoptosis, telomere biology has been postulated as the molecular mechanism for physiologic and pathologic aging. 10 In mice, specific serum proteins (CRAMP, stathmin, EF-1α, and chitinase) are elevated in late generation telomerase "knockout" mice. 11 However, these changes only occur in aging mice, which are telomerase-deficient for several generations and have developed very short telomeres. Old "wild-type" laboratory mice do not have higher serum levels for these proteins, nor do telomerase-deficient animals in the first generations after gene "knockout". Elderly humans with age-associated illnesses also present higher plasma levels of the human homologues of these proteins when compared to young adults, and the plasma levels of dysfunctional telomere-associated proteins also are higher in humans with chronic disorders associated with aging, such as cirrhosis and myelodysplastic syndrome.
Mice deficient for telomerase and with short telomeres (after successive interbreeding of "knockout" animals) also show hypotrophic intestinal villi, lower blood cells counts, and reduced bone marrow cellularity 9 . These findings only weakly associate with the physiology of human aging: marrow cellularity and, to a minimal extent, blood cell counts are hematologic features of the elderly. However, telomere length does not correlate with blood counts in healthy elderly humans. 12 In very special and highly selected circumstances,, pathologic conditions may trigger telomeres to mediate the process and force a correlation; for instance, in humans with chronic heart failure, short telomeres associate with anemia, 13 but it does not reflect the general older population. Likewise, hypotrophic intestinal villi observed in mice with short telomeres do not parallel age-related changes in the human intestine, as villus height and surface epithelium appear not to vary with age. 14 Cardiovascular diseases are characteristic of human aging and telomeres have been implicated in this connection. Older individuals with shorter telomeres are at higher risk of dying from cardiovascular disease 15 and one epidemiologic study found that individuals with shorter telomeres had a higher risk of developing coronary artery disease, which was alleviated by statins. 16 Individuals with clinical or subclinical atherosclerosis have shorter telomeres than do sex-and age-matched healthy controls. [17] [18] [19] Short telomeres also associate with environmental risk factors commonly associated with cardiovascular disease, such as obesity, smoking, 20, 21 and sedentary life style. 22 However, atherosclerosis is not a feature of telomerase-deficient mice; on the contrary, short telomeres limit atheroma progression in these animals. 23 Telomerase-deficient mice with dysfunctional telomeres also usually display abnormal mitochondrial biogenesis and function, decreased gluconeogenesis, and cardiomyopathy 24 and reversal of telomerase expression and function restores these functions to normal, implicating telomeres in the development of disorders associated with aging. However, these are pathological features not usually observed in humans with defective telomerase and short telomeres. 9, 25, 26 Aging is a process and longevity is a measurement. Telomere length has been proposed by many investigators as a potential biomarker for longevity (or lifespan) in humans, mice, and other organisms. In one study, telomerase "knockout" mice (deficient for telomerase RNA component) were interbred and the life expectancy of consecutive generations assessed. 27 As the offspring of "knockout" animals inherit both deficient telomerase and short telomeres from their parents, telomeres are shorter with each generation. In this experiment, median survival inversely correlated with "knockout" generations, and with successive generations offspring showed shorter lifespans in comparison to their parents. The correlation between telomere length and life expectancy also has been investigated in aging humans, with some conflicting results. In a landmark study, humans older than 60 years of age who had longer telomeres had better median survival than those with shorter telomeres. 15 Telomeres were measured in peripheral blood leukocytes collected at enrolment and outcomes were assesses prospectively. Peculiarly, the major causes of death associated with short telomeres were infections and cardiovascular disease. However, this association was not confirmed in another prospective study in humans aged 73 to 101 years. 28 Although there are similarities between mice and humans for association between telomere attrition and aging, there are fundamental differences that preclude simple biologic comparisons by analogy. First, association does not mean causality; telomere erosion may be an outcome rather than the cause of aging. Second, laboratory mice have a life expectancy of 18 to 24 months and they mature and age during this time frame, while their telomeres are 50 to 150-kilobase long. In sharp contrast, human life expectancy at birth varies today from 70 to 80 years, but our telomeres are 5 to 10 times shorter than in mice, ranging from about 5 to 6 kilobases in those older than 60 years to 10 to 12 kilobases in the newborn. 9 This comparison itself challenges the hypothesis that telomere length may drive aging or predict lifespan either in humans or mice. Murine telomeres do not serve as a mitotic clock for replicative aging, as primary cells constitutively express telomerase, in contrast to humans, in whom telomeres play a part in replicative senescence and telomerase expression is repressed. 5, 29 In humans, the Hayflick limit is determined by telomere shortening, but murine fibroblasts stop dividing after 10 to 15 population doublings in vitro, before any appreciable sign of telomere erosion. 29 That murine telomeres are significantly longer than human telomeres makes it more difficult to interpret the current data correlating telomere length and longevity, whether in humans or in laboratory mice. In mammals, telomere length inversely correlates with lifespan and telomerase expression inversely correlates with body mass, 30 indicating that telomeres serve different purposes in different species and that telomere elongation and telomerase activation may represent an adaptive evolutionary advantage of small short-lived mammals in exchange for energy-expensive oxidative DNA damage mechanisms. 30 Even within the rodent order, telomerase expression inversely correlates with body mass; while in large rodents (e.g., capybara, beaver) telomerase function is inhibited, small rodents (mouse) constitutively express telomerase in somatic cells, subverting replicative senescence. 31 Third, the variation in telomere length in laboratory mice from a given strain or generation of telomerase-deficient animals is very narrow. In contrast, humans display broad variability in telomere length at any age ( Figure 1) ; healthy 10-year-old human individuals in the lower end for telomere length overlap with healthy subjects at age 60 or older. This high variability in telomere length in a given age range observed in humans precludes a more stringent understanding of telomere as a marker or mechanism of aging, although, for a given individual, telomeres constantly shorten with time. 9 Finally, humans are observed in the "wild" and telomere length regulation is subjected to environmental factors that may increase telomere loss, such as infection, diet, inflammation, pollution, smoking, ultraviolet light, oxygen concentration, reactive oxygen species, whereas laboratory mice are kept in sterile, highly controlled environment with balanced and invariable diet in the animal facility, which may hamper the effects of intricate interactions among factors acting on telomere erosion and elongation. For instance, reactive oxygen species, which accumulate over time, directly damage DNA, including telomeres, and accelerate telomere erosion. 32 Human induced pluripotent stem (iPS) cells cultured in hypoxic conditions display higher telomerase expression levels and increased telomere elongation as compared to iPS cells cultured in atmospheric oxygen. 33 In addition, the ingestion levels of marine omega-3 fatty acids appears to modulate the rate of telomere loss in humans. 34 
TELOMERES AND DISEASE
In humans, defects in telomerase function result in progressive telomere shortening, which clinically manifests as severe diseases that are often fatal. X-linked dyskeratosis congenita is the prototypical human telomere disease; it is characterized by mucocutaneous dystrophy in boys associated with aplastic anemia, the most common cause of death, usually in the first decade of life. 35 Patients with dyskeratosis congenita commonly have other organs affected, mainly the lungs (pulmonary fibrosis), 36 liver (cirrhosis), 26 esophagus (stricture), 35, 37 and a proclivity for cancer development, especially head and neck squamous cell carcinomas and leukemia. 38 All these features are the result of excessive telomere shortening, and patients' telomere lengths consistently are below the first percentile for age-matched healthy subjects. 39 Short telomeres signal the p53 pathway and inhibit hematopoietic stem and progenitor cell proliferation, hamper liver and lung regeneration, and induce chromosome instability, thus facilitating cancer initiation. X-linked dyskeratosis congenita is caused by mutations in the DKC1 gene, located in the X chromosome and encoding dyskerin, an essential component of the telomerase complex. 40 Telomerase activity is patients' primary cells are very low, but not completely absent, as patients are hemizygous for the mutation. The mother, however, who carries the mutation, does not usually have short telomeres, and the mutation-carrying chromosome may be inactivated.
More common in the clinic are cases with mutations in the reverse transcriptase (TERT) or in the RNA component of telomerase (TERC). 41 In these cases, mutations are heterozygous, meaning that patients retain a wild-type allele and telomerase function is approximately 50% of that observed in healthy subjects and the clinical presentation is milder, usually affecting only one organ. Patients have short telomeres and telomerase deficiency occurs by haploinsufficiency. The most commonly affected organs are the bone marrow (as frank aplastic anemia and a broad range of more limited marrow failure syndromes), 42 lungs (as pulmonary fibrosis and perhaps more general insufficiency), 36, 43 and liver (as cirrhosis and a variety of related hepatic dysfunction syndromes). 44, 45 As telomerase function is only partially defective with TERT and TERC mutations, they act as risk factors rather than disease determinants; individuals may carry a telomerase mutation, but not develop disease. In addition, the clinical syndrome usually appears later in life, as opposed to the early presentation in dyskeratosis congenita, and patients inherit both the mutation and short telomeres from the affected parent. Given this complex inheritance pattern, telomeres are shorter at each generation and disease may manifest earlier or more intensely in the offspring, a phenomenon called disease anticipation. 46 Murine models deficient for telomerase have been developed with outcomes diverse from the pathology of human syndromes. [47] [48] [49] In hypomorphic mutant Dkc1 mice, telomeres remain stable in length for two generations and telomere shortening is only evident after G4, 47 as opposed to humans with DKC1 mutations, in which telomere shortening appears at early age in the affected hemizygous patient. 40 In mice, signs of bone marrow failure are subtle, usually with less than 10% reduction in marrow cellularity, there are no obvious changes in peripheral blood counts, and the number of hematopoietic stem and progenitor cells is mildly reduced. 47 In humans, bone marrow cellularity usually is intense, with less than 10% cellularity, patients present with severe pancytopenia, and the number of hematopoietic progenitors in the marrow is dramatically reduced. 41 In the hypomorphic Dkc1 mouse model, ribosome function is significantly impaired with reduction in the rRNA pseudourydilation and decreased accumulation of mature rRNA forms. 47 Abnormal ribosomal function appears to play a major role in the clinical manifestations of dyskerin deficiency in mice, especially in cancer formation, 50 whereas in humans, ribosomal dysfunction has a marginal contribution-if any-to the pathophysiology of the telomeropathies 9 (although implicated in a variety of other human marrow failure syndromes). 51, 52 Mutations in shelterin components (TINF2), causing abnormal telomere uncapping but with unchanged telomerase holoenzyme function, including dyskerin, also cause dyskeratosis congenita that is clinically indistinguishable from cases caused by DKC1 mutations, except by the inheritance pattern (autosomal dominant versus X-linked), 53 indicating that disturbances in ribosomal RNA processing are likely peripheral to the pathophysiology of the human disease. Indeed, the most severe forms of dyskeratosis congenita, the Hoyeraal-Hreidarsson syndrome and Revesz syndrome, in which the nervous system and the retina also are affected, are caused by mutations in genes that are not part of the telomerase complex, but play important role in telomere biology and maintenance (TINF2, CTC1, RTEL1). [53] [54] [55] Telomerase reverse transcriptase (Tert)-deficient and telomerase RNA component (Terc)-deficient mice also have been engineered. 48, 49 Although either mTert or mTerc is completely knocked out in the murine model, animals are viable and fertile and do not show any evidence of cell regeneration deficiency or organ failure until later generations (> 5 th generation). Even when these changes occur, they are mild; bone marrow cellularity is above 80% (as opposed to below 10% in humans) and reductions in peripheral blood cell counts are modest, far from causing anemia, infection, or bleeding in the mouse. 27 Apparently, animals become infertile before visceral target organs become significantly affected. In humans heterozygosity and haploinsuffiency are sufficient for organ failure to develop (bone marrow failure, pulmonary fibrosis, cirrhosis, cancer), whereas for organs to become defective in mice, telomerase has to be completely abolished. For the bone marrow to become clinically hypoplastic in the mouse model, mTerc complete deficiency has to be engineered along with Pot1b (a shelterin protein) deficiency, a complex gene haplotype not observed in humans. 56 Animals that are heterozygous for mTert deficiency, for instance, may survive apparently healthy over multiple generations; 57 mTerc-deficiency heterozygosity at 17 generations does not measurably affect marrow, lung, liver, and testes function.
While humans with telomerase deficiency can develop pulmonary fibrosis, this phenotype is not observed in the mouse model. Surprisingly, the opposite is observed in the mouse, as telomerase activity appears to be required for pulmonary fibrosis to occur upon bleomycin challenge. 58 Mice who are deficient for mTert develop less lung fibrosis than wild-type mice. When mTerc "knockout" mice are forced to inhale smoke, they develop emphysema, an obstructive lung disease, rather than fibrosis, a restrictive lung disease. 59 In summary, the murine models available for telomerase deficiency do not accurately recapitulate the tissue damage and regeneration deficiency often observed in patients with telomere diseases. For organs to be affected in the mouse, telomere dysfunction has to be engineered, multiple genes deleted, and telomerase activity completely abolished, in contrast to humans, in which telomerase haploinsufficiency alone can produce a clinical phenotype.
TELOMERES AND CANCER
Almost 100 years ago, Boveri postulated chromosomal instability as the initiating pathogenic event in oncogenesis. 60 Consistent with this hypothesis, most cancers have an aneuploid genome as well as qualitative chromosome changes, as deletions or translocations. Telomere attrition has been proposed as a mechanism for the loss or gain of chromosomes.
In the absence or decrease of telomerase activity, mutation rates increase as a result of terminal chromosome deletions and repeated cycles of break-fusion-bridge rearrangements. 61 In a National Cancer Institute review of 50 cases of classic dyskeratosis congenita, the risks of cancer development was increased (overall, about 11 times as high as in the general population), especially for skin, head and neck squamous-cell carcinomas, anorectal cancers, and acute myeloid leukemia. 38 In patients with acquired aplastic anemia, telomere length of leukocytes is the major predictor of "clonal evolution": patients with telomere length in the lowest quartile have the highest risk of developing myelodysplastic syndrome, frequently associated with monosomy 7 and acute myeloid leukemia. 62 Moreover, telomere-free ends of chromosomes and aneuploidy are apparent in patients' bone marrows in tissue culture years before clinical symptoms. 63 Constitutional TERT mutations are detected in about 9% of acute myeloid leukemia patients and are strongly associated with the risk of cytogenetic abnormalities. 64 In small studies, telomere length has also been associated with increased risk of leukemic transformation after chemotherapy and autologous hematopoietic-cell transplantation. 65 Telomere length has been linked to many cancers in humans. The finding of short telomeres in colorectal cancer cells suggested that telomere loss contributes to oncogenesis and genetic instability of the malignant cell. 66 Patients with ulcerative colitis that developed cancer at a later stage of their disease have telomerase deficiency leading to telomere shortening as well as losses of chromosomes and anaphase bridges. 67 Short telomeres and chromosomal instability associated with dysplastic changes occur in Barrett's esophagus, a chronic inflammatory condition often leading to esophageal cancer. 45 A genome-wide scan of more than 30,000 patients of European ancestry with cancer and 45,000 controls showed an association between the TERT locus and 5 of 16 cancers in the list, including basal-cell cancer of the skin and cancers of the lung, bladder, prostate, and cervix. 68 Lung cancer and TERT locus polymorphisms were associated in two cohorts, one large European population 69 and one Chinese. 70 Moreover, in the Chinese cohort the risk was also linked to short telomeres. Other associations include gliomas 71 and renal-cell carcinoma. 72 Interestingly, reports associate the same TERT locus polymorphisms from the large European cohort with relative resistance to and breast cancer 73 but susceptibility for hepatocellular carcinoma. 74 More recent reports show both inherited and acquired mutations in the TERT promoter region correlate with an increase in TERT expression level in over 70% of melanomas. 75, 76 The existing evidence from analysis of human malignancy and telomere biology also was tested in mouse models. Both Tert and Terc knockout mice were generated on the B6 background. 48, 49 In late-generation Terc-knockout mice, short telomeres caused chromosomal instability through end-to-end fusions. Apoptosis eliminated most of these cells, but they could be rescued if DNA damage was not adequately monitored. Thus, in Terc −/− mice that are also deficient in p53, a variety of cancers develop in association with nonreciprocal translocations, mimicking human malignant conditions. 77, 78 To further investigate the interaction of short telomeres, telomerase deficiency, and p53 in oncogenesis, several mouse models with various tumor suppressors genes were generated (Table 1) . In some genetic predisposition models, inactivation of telomerase accelerated onset of cancers, as in K5-Trf2 79 and Atm −/− p53 −/− double knockout model. 80 Inactivation of telomerase in Atm −/− p53 −/− mice increased the incidence of thymic lymphomas, which showed a similar mutation pattern as occurs in human lymphomas. Tert −/− Atm −/− p53 +/− mice had almost complete inactivation of p53 in the tumor cells, suggestive of the potential oncogenic mechanism of inactivating p53 in setting of short telomeres Confirming the requirement for p53 deficiency for tumor initiation, Atm −/− Tert −/− mice with intact p53 had a decrease of thymic lymphoma incidence and delayed onset. 81 A few other cancer mouse models have displayed a decreased incidence of tumor formation on Tert −/− background. [82] [83] [84] These mouse models of oncogenesis led to the theory that telomerase deficiency operating initially as a pro-oncogenic pathway, likely through chromosomal instability, but continuous inactivation of telomerase in tumor cells would decrease tumor growth. One experimental example: Apc-mutated mice develop intestinal neoplasia, progressing quickly from microadenomas to macroadenomas. Inactivation of telomerase on this background increased microadenomas formation but decreased the progression rate to macroadenomas. 85 CAST/EiJ mice are a murine strain with telomere lengths similar to those observed in humans. Inactivation of the telomerase complex genes on this genetic background yielded phenotypes that were closer to human diseases, and cancer developed with haploinsufficiency, not requiring complete inactivation of Terc or Tert genes. 86, 87 Analyses of different cancer predisposition models on this background may help to bridge the considerable gap between the human and mouse phenotypes and clearly establish the exact role of telomeres in various cancers.
CONCLUSIONS
In mammals, telomere length inversely correlates with lifespan whereas telomerase expression inversely correlates with body mass; short-lived species with small body mass, such as mice, evolved to have much longer telomeres and express telomerase at the expenses of abandoning a role of telomeres in replicative aging, as observed in humans. Thus, murine telomerase "knockout" models have been useful in identifying and characterizing the major basic biology of telomeres and telomerase, but in depth understanding of the part telomeres play in human aging and disease is more difficult to be extrapolated from the mouse. Additionally, there are clear discrepancies in the genomic responses to injury between humans and mice 88 and there are environmental differences between the "urban wild" and the animal facility cage. Indeed, mouse models usually poorly mimic human conditions. 88 Using telomerase as a therapeutic target, whether it will be telomerase inhibition in malignancies or telomerase stimulation in clinical situations caused by telomere erosion (aplastic anemia, myelodysplasia, pulmonary fibrosis, hepatic cirrhosis) will ultimately need to be validated in human-based models. Novel approaches including deep-sequencing techniques 89 , reprogramming of mature somatic cells into pluripotency state (iPS cells) 33 may permit modeling human telomere disorders ex vivo and overcome the limitations imposed by the mouse model. Telomere length dynamics are determined in cells by a balance between telomere elongation provided by telomerase activity and telomere erosion due to mitotic division, telomere end processing and damage. Imbalances in these processes may result in cell failure, chromosome instability, and human disease. 
